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The 4-propargylamino-1,8-naphthalimide based ﬂuorescent probe 1 has been explored as a sensor for
selective detection of Au3+. 4-Amino-1,8-naphthalimides, that possess typical intramolecular charge
transfer (ICT) electronic characteristics, have been widely used as versatile platforms for ﬂuorescent
probes. The newly designed probe 1 contains a propargylamine moiety at C-4 of the naphthalimide
chromophore that reacts with Au3+ to generate a product that has distinctly different electronic
properties from 1. Speciﬁcally, the probe undergoes a remarkable change in its absorption spectrum
upon addition of Au3+ that is associated with a distinct color change from yellow to light pink. In
addition, a blue shift of ca. 56 nm also takes place in the emission spectra of the probe. Consequently, 1
serves as a reaction-based sensor or so called chemodosimeter for Au3+. Importantly, surfactants enhance
the rate of reaction of 1 with Au3+, thus, enhancing its use as a real time sensor. Finally, the results of
studies probing its application to bioimaging of Au3+ in live cells show that the probe 1 has a unique
ability to sense Au3+ in cells and, in particular, in lipid droplets within cells.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Gold has attracted a long-standing interest owing to its unique
chemical and medicinal properties (Hutchings et al., 2012).
Recently, studies have shown that Au3+ serves as a versatile
catalyst for activation of carbon–carbon triple bonds as a conse-
quence of its excellent alkynophilicity (Rudolph and Hashmi, 2012;
Corma et al., 2011). In addition, owing to its anti-inﬂammatory
properties, Au3+ has been utilized as a component of therapeutic
agents for the treatment of arthritis and tuberculosis (Hong et al.,
2006). However, Au3+ ions are known to tightly bind to enzymes
and DNA, which leads to cytotoxicity and eventual damage to
the liver, kidney and the peripheral nervous system in living
organisms (Fleming et al., 1996; Goodman et al., 2004). Theser B.V.
: +82 2 3277 3419.
n@ewha.ac.kr (J. Yoon).
Open access under CC BY license.observations demonstrate the high importance of developing
ﬂuorescent probes, which can detect and image Au3+ in cells.
Compared to other analytical techniques, ﬂuorescent probes
have become powerful tools to monitor in vitro and in vivo levels
of biologically relevant species and to understand their functions
(Callan et al., 2005; Prodi et al., 2000: Domaille et al., 2008; Zhou
and Yoon, 2012; Chen et al., 2012). In particular, ratiometric
methods, in which analyte concentrations are determined by
measuring the ratios of absorbance or ﬂuorescence intensities at
two wavelengths, possess a built-in correction that eliminates
false signals emanating from environmental effects and therefore
increases signal ﬁdelity (Guo et al., 2012; Guliyev et al., 2009; Guo
et al., 2012; Guo et al., 2010; Peng et al., 2011). As a result, the
development of novel ratiometric ﬂuorescent Au3+ probes for
monitoring of gold ions in environmental and biological samples
is a highly desirable goal.
Recently, several rhodamine-based ﬂuorescent probes for sen-
sing gold species have been described (Zhang et al., 2011; Jou et al.,
2009; Yang et al., 2009; Do et al., 2010; Dong et al., 2010; Egorova
et al., 2010; Yuan et al., 2011; Cao et al., 2011; Wang et al., 2011;
Park et al., 2012; Seo et al., 2012). In these probes, binding to Au+/
Au3+ induces the spirolactam ring-opening reaction of the rhoda-
mine moiety, which is accompanied by turn-on ﬂuorescence in
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Scheme 1. Synthesis of 1 and 2.
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been employed successfully to detect gold ions in cells, they are
not readily applicable as ratiometric ﬂuorescent Au3+ sensors that
can function in aqueous solutions, a requirement for biological
applications. Recently, Lin and Ding et al. described a unique
ratiometric system for sensing Au3+ and gold nanoparticles, in
which rhodamine and boron dipyrromethene (BODIPY) moieties
are connected via an alkyne linker (Cao et al., 2011).
Below, we describe studies that have led to the development of
a new ﬂuorescent Au3+ probe 1 (Scheme 1), which is based on the
well-studied 4-aminonaphthalimide (ANI) ﬂuorophore. Owing to
its intramolecular charge transfer (ICT) nature, the ANI moiety has
been widely incorporated into platforms designed for ﬂuorescent
sensing (Duke et al., 2010; Qian et al., 2010; Xu et al., 2010). The
key feature of these probes, is that they can be used to sense
substances that promote either strengthening or weakening of the
“push–pull” electronic nature of the 4-aminonaphthalimide group,
which leads to a respective blue or red shift of their emission
maxima. Because of this property, substances incorporating ANI
chromophore can be employed as ratiometric probes (Duke et al.,
2010; Qian et al., 2010; Xu et al., 2010).
In earlier efforts, strategies involving the use of alkyne moieties
have been developed for the design of new ﬂuorescent chemodo-
simeters for Au3+ (Jou et al., 2009; Do et al., 2010; Cao et al., 2011;
Wang et al., 2012; Dong et al., 2010). At the outset of our studies,
we envisaged that a sensor in which a propargylamine side chain
is incorporated at C-4 of the naphthalimide ring system would
react with Au3+ to generate a product that has signiﬁcantly
different ITC characteristics compare to the unreacted probe. In
investigations designed to explore this proposal, we showed that
propargylamino-naphthalimide 1, a probe based on this design
principal, displays excellent selectivity and sensitivity toward Au3+
and that it operates in the emission ratiometric mode in aqueous
solutions. Importantly, the results of this effort also showed that a
surfactant caused an increase in the rate of reaction of the probe 1
with Au3+, presumably by promoting assembly growth of gold ions
in aqueous media (Murphy et al., 2010). In order to explore
biological applications, the probe was employed to bioimage Au3+
in live cells. In addition, studies comparing HeLa cells with
differentiated adipocytes demonstrated that the response rates
of the probe to Au3+ in differentiated adipocytes were greater than
those in HeLa cells. The results of this effort, which show thatthe new probe has a unique ability to sense Au3+ in cells, are
described below.2. Results and discussion
2.1. Synthesis
The synthetic route employed to prepare the propargylamino-
naphthalimide chemodosimeter 1 is shown in Scheme 1. The ethyl
hydroxyl group in the probe, incorporated to improve hydrophi-
licity, was introduced by reaction of 4-bromo-1,8-naphthalic acid
anhydride with 2-ethanolamine, which formed naphthalimide 3.
The target 1 was then generated by reaction of 3 with propargy-
lamine in the presence of triethylamine with 2-methoxyethanol as
a solvent. The analogous butyl derivative 2was also synthesized by
using a similar procedure (see supplemental information (SI)). The
detailed experimental procedure and characterization data are
shown in the SI. The 1H NMR peaks of 1 were assigned based on
the cross peaks analysis of its COSY spectrum as shown in Fig. S9.
2.2. Effects of Au3+ on absorption and emission spectroscopic
properties of 1
Probe 1 in a PBS solution containing 4% ethanol at pH¼7.4
displays an absorption maximum at 364 nm and strong green
ﬂuorescence (λmax¼527 nm) (Fig. S1 in SI). To examine the
selectivity of its absorption and emission response toward metal
ions, solutions of 1 in PBS solutions containing 4% ethanol at pH
7.4 were treated with various metal ions including Au+, Ag+, Al3+,
Ca2+, Cd2+, Co2+, Cr3+, Cs+, Cu2+, Fe2+, Hg2+, K+, Li+, Mg2+, Mn2+,
Na+, Ni2+, Pb2+, Pd2+, Pt2+, Sr2+, Zn2+ and Au3+. The results show
that a remarkable and slow change in the absorption spectrum of
1, which corresponds to a distinct color change from yellow to
light pink, takes place upon addition of Au3+. In addition, a
decrease in the emission band of 1 at 527 nm and a concomitant
increase in a new band at 471 nm (λex¼364 nm) occur upon
addition of Au3+ (ca. 56 nm blue shift) (Fig. S1 in SI).
It has been shown that surfactants play a key role as structure-
directing agents to promote assembly growth of gold nanoparti-
cles in aqueous media through their binding to gold seeds
(Murphy et al., 2010). Based on these observations, we believed
that surfactants might affect the rate of the reaction of 1 with
Au3+. To test this proposal, the effects of surfactants on the rate of
this process were explored. The results of time-dependent ﬂuor-
escence measurements show that while ca. 160 min are required
to reach a maximum ﬂuorescence change of 1 induced by Au3+ in
PBS buffer alone, the process in the presence of 50 μM cetyl
trimethyl ammonium chloride (CTAC) requires only ca. 40 min
for completion (Fig S2 and Fig S3). A study of the time course of
ﬂuorescence changes of probe 1 induced by Au3+ as a function of
CTAC concentration demonstrated that 50 μM is the optimal CTAC
concentration for producing an acceptable rate of the reaction (Fig
S4). Notably, the other metal ions tested do not induce a blue shift
of ﬂuorescence emission of 1 and Pd2+ quenches ﬂuorescence of
the probe at 471 nm (Fig. 1b). To determine the Au3+ detection
limit of probe 1, ratios of ﬂuorescence intensities at 471 and
527 nm (F471 nm/F527 nm) were plotted as a function of Au3+
concentrations. The ﬂuorescence intensity of 1 was observed to
be linearly proportional to Au3+ concentrations in the 0–60 μM
range, and the detection limit was determined to be 8.4410−6 M
(Fig. S6).
The results arising from this effort demonstrate that the
surfactant CTAC causes an increase in the rate of reaction of probe
1 with Au3+. This enhancement can be attributed to an effect on
the assembly growth of gold ions in aqueous media. Cetyl
Fig. 1. Left: Au3+ ion-induced (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 equiv) changes in the ﬂuorescence spectrum of 1 (20 μM) in PBS buffer containing 4% ethanol at pH
7.4 in the presence of CTAC (50 μM). Right: Fluorescence response of 1 (20 μM) to various metal ions (5 equiv) in PBS buffer containing 4% ethanol at pH 7.4 in the presence of
CTAC (50 μM). All the ﬂuorescence data were obtained after 60 min incubation of 1 with metal ions (λex¼364 nm, slit: 3 nm/3 nm).
Fig. 2. Fluorescence images of HeLa cells and adipocytes treated with gold ions and 1. Cells were incubated with 100 μM AuCl3 for 2 h and then with 20 μM 1 for 8 h. Cells
were then treated with 5 μg/mL Nile red for 15 min to detect lipid droplets (scale bar¼25 μm).
J. Young Choi et al. / Biosensors and Bioelectronics 49 (2013) 438–441440trimethyl ammonium bromide (CTAB) also induces a rate enhance-
ment that is similar to that of CTAC but tetramethylammonium
bromide does not promote a signiﬁcant rate change (Fig. S5). The
ﬁndings show that a long alkyl chain containing surfactant is
essential for the unique rate enhancement.
Several studies were conducted to isolate the product of the
reaction of 1 with Au3+. Because these attempts met with failure,
reaction of the N-butyl-4-propargylaminonaphthalimide deriva-
tive 2 with Au3+ was probed. Following stirring a DMF-water (1:8,
v/v) solution of AuCl3 (3.0 eq.) and 2 for 2 h, the mixture was
extracted with chloroform. Concentration of the extracts gave a
residue, which was subjected to preparative thin layer chromato-
graphy using hexane–acetone (4:6, v/v) as eluent. This procedure
gave rise to a substance that was shown by 1H NMR analysis (Fig.
S14 a and b) to be the gold acyl adduct 4. A possible mechanism for
the formation of 4 involving aerobic oxidative cleavage of C–C
triple bond is shown in Fig. S15 (SI) (Das et al., 2009). Formation of
a gold acyl adduct like 4 in the reaction of 1with Au3+ is consistentwith the distinct blue shift taking place in the emission spectrum
because the ﬂuorophore like 4 has signiﬁcantly reduced in
electron delocalization compared to that in 1.
2.3. Imaging of intracellular Au3+ using probe 1
Probe 1 has ideal absorption and emission spectroscopic
responses and a high selectivity toward gold ions. In particular,
the ratiometric ﬂuorescence response of 1 enables facile monitor-
ing of Au3+ in cells. As a consequence of these factors, we believed
that 1 could be potentially well suited for monitoring gold ions in
live mammalian cells. Thus, if 1 reacts with Au3+ in cells, a blue
ﬂuorescence image should appear. However, if it does not react
with Au3+ in cells, a green ﬂuorescence image associated with
unreacted 1 will appear. To test these predictions, HeLa (human
cervix adenocarcinoma) cells were incubated with 100 μM AuCl3
for 2 h. After washing with buffer to remove remaining ions, the
cells were treated with 20 μM 1 for 8 h. The results of a cell
J. Young Choi et al. / Biosensors and Bioelectronics 49 (2013) 438–441 441morphology investigation indicate that the cells are not damaged
in this process. Observations made in ﬂuorescent imaging of the
cells reveal that 1 enters cells efﬁciently because green ﬂuores-
cence is observed in cells that are treated with 1 alone (Fig. 2).
Importantly, cells incubated with both Au3+ and 1 exhibit
increased blue ﬂuorescence and attenuated green ﬂuorescence,
indicating that 1 reacts with Au3+ in cells (Fig. 2).
The results obtained in in vitro experiments show that the
presence of surfactants also promotes the response of 1 to Au3+ in
buffer solutions. To investigate the effect of lipids on response of 1
to Au3+ in cells, adipocytes (fat cells) differentiated from 3T3-L1
cells (mouse embryonic ﬁbroblasts) were used. It is known that
the lipid droplets, which consist mainly of neutral lipids (usually
triacylglycerols and cholesteryl esters), are formed during adipo-
cyte differentiation (or adipogenesis) (Martin and Parton, 2006;
Christy et al., 1989; Greenspan et al., 1985). The 3T3-L1 cells were
initially differentiated into adipocytes by treatment with 0.5 mM
isobutylmethylxanthine, 1 μM dexamethasone and 10 μg/mL
insulin for 10 days in growth media (Martin and Parton, 2006;
Christy et al., 1989; Greenspan et al., 1985). The differentiated
adipocytes were then treated with 100 μM AuCl3 for 2 h. After
removal of remaining ions by washing, the cells were incubated
with 20 μM of 1 for 8 h. In addition, the treated cells were
incubated for 15 min with Nile red (5 μg/mL), a dye used to
ﬂuorescently monitor the lipid droplets (Martin and Parton,
2006; Christy et al., 1989; Greenspan et al., 1985). As shown in
Fig. 2, very strong blue ﬂuorescence that overlaps well with Nile
red ﬂuorescence is observed in the differentiated adipocytes,
indicating that 1 responds to Au3+ in lipid droplets much better
than in HeLa cells.
To compare the response rate of probe 1 to Au3+ in HeLa cells
with that in differentiated adipocytes, both cell types were
separately and simultaneously incubated with Au3+ and 1 while
monitoring ﬂuorescence intensity changes. As shown in Fig. S16,
the response rate of 1 to Au3+ in differentiated adipocytes is
greater than that in HeLa cells, a phenomenon that is consistent
with the results of in vitro experiments. These ﬁndings show that
1 has a unique ability to sense Au3+ in cells and, in particular, in
lipid droplets.3. Conclusions
The highly selective and sensitive ratiometric ﬂuorescent
chemosensor 1 for Au3+, based on 4-propargylamino-1,8-naphtha-
limide platform, was developed in this effort. The rate of reaction
of probe 1with Au3+ in aqueous solutions is signiﬁcantly increased
by the addition of a surfactant. The results of cell imaging studies
show that the response rates of 1 to Au3+ in differentiated
adipocytes are greater than those in HeLa cells, likely because
lipid droplets in adipocytes play a similar role as do surfactants. It
is anticipated that the new ratiometric ﬂuorescent probe will serve
as a tool in Au3+-related chemical and biological studies. Currently,
investigations aimed at extending the strategy described above to
the development of systems to sense other metal ions in lipid
droplets in cells and probing mechanistic features of the chemical
processes are underway.Acknowledgments
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